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Ischemic left ventricular failure was produced in eight
acutely instrumented, anesthetized dogs to study the con-
tribution of changing myocardial compliance and peri-
cardial pressure to shifts in right and left ventricular
diastolic pressure-volume relations. Right and left ven-
tricular and pericardial volumes were measured by un-
gated computed tomography. Cardiac volumes were ma-
nipulated by infusion of saline solution, hemorrhage,
phenylephrine infusion and, during failure only, nitro-
glycerin administration. During both control and failure
periods, these interventions shifted the left and right
ventricular pressure-volume relations by changing peri-
cardial pressure only; that is, these interventions caused
no change in the ventricular transmural pressure-volume
relation. The induction of failure as such increased peri.
cardial pressure only minimally and did not change the
Several clinical studies have shown that the left ventricular
diastolic pressure-volume relation may be shifted upward
acutely during angina pectoris induced by atrial pacing (1,2)
or when afterload is increased by isometric handgrip ex-
ercise (3), and downward after the administration of vaso-
dilators (4-6). Tyberg et al. (7) proposed that the left ven-
tricular diastolic pressure-volume relation may be shifted as
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left ventricular or right ventricular transmural pressure-
volume relations significantly. Volume loading during
the control period caused an apparent pericardial creep
which attenuated the pericardial effect on ventricular
pressure-volume relations. During failure, volume load-
ing caused an increase of right ventricular volume, but
tended to decrease left ventricular volume; this was as-
sociated with a leftward displacement of the interven-
tricular septum.
In conclusion, in the presence of ischemic left ven-
tricular failure as well as normally, changes in preload,
afterload and circulating blood volume shift ventricular
diastolic pressure-volume relations by stretching or re-
laxing the pericardium, thus changing pericardial pres-
sure. In these circumstances, there were no consistent
changes in myocardial compliance.
a result of changes in pericardial pressure. According to this
concept, when the volume of the heart exceeds the un-
stressed volume of the pericardium, the pericardium con-
strains both ventricles and dilation of one ventricle (or the
atria) will increase pericardial pressure. The other ventricle
will be compressed and a higher absolute pressure will be
required to maintain the same transmural pressure, and hence,
to maintain its volume (8). This hypothesis is supported by
the study of Shirato et al. (9), which showed that the left
ventricular diastolic pressure-diameter relation was shifted
upward by volume loading only when the pericardium was
intact.
Recently, Refsum et al. (10) demonstrated that an in-
crease in pericardial volume which increased pericardial
pressure shifted the left ventricular diastolic pressure-vol-
ume relation upward without changing the left ventricular
transmural pressure-volume relation. In a study of dogs
without a pericardium, Serizawa et al. (11) found that acute
myocardial ischemia aggravated by atrial pacing shifted the
left ventricular diastolic pressure-volume relation upward,
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indicating decreased myocardial compliance. Studies of ex-
perimental coronary occlusion, however, have shown either
no change (12) or a rightward shift (13) of the left ventricular
transmural pressure-dimension relation. Thus, the left ven-
tricular diastolic pressure-volume relation may be shifted
by diseases and interventions altering pericardial pressure
or myocardial distensibility. Furthermore, right and left ven-
tricular interactions through the shared interventricular sep-
tum may cause acute shifts in ventricular diastolic pressure-
volume relations (14).
The present study was designed to discriminate between
the effects of changes in pericardial pressure and myocardial
compliance on ventricular diastolic pressure-volume rela-
tions before and during acute ischemic left ventricular fail-
ure. To study interactions between the pericardium and the
cardiac chambers, pressures and volumes of the left ven-
tricle, right ventricle and the pericardium were determined
simultaneously. Volumes were determined by ungated com-
puted tomography (10,15). Acute left ventricular failure was
produced in closed chest anesthetized dogs by injection of
50 p,m plastic microspheres into the left main coronary
artery (16,17). Volume loading, phenylephrine and nitro-
glycerin were used to manipulate ventricular preload and
afterload.
Methods
Animal preparation and pressure recordings. Eight
mongrel dogs of either sex, weighing 19 to 32 kg, were
anesthetized with sodium pentobarbital (Nembutal), 25 mg/kg
intravenously, intubated and ventilated with a positive pres-
sure respirator (model 607, Harvard Apparatus Company).
Anesthesia was maintained by continuous infusion of so-
dium pentobarbital, 3.5 mg/kg per h. A thoracotomy was
performed through the fourth left intercostal space. A 3 by
3 cm flat Silastic balloon and a multiple side-hole polyvinyl
catheter were placed in the pericardial cavity at the level of
the mid-left ventricle (on the anterolateral surface of the
ventricle). The catheter and the balloon were used to mea-
sure pericardialliquid pressure and pericardial surface pres-
sure, respectively (18,19). Care was taken to limit the length
of the pericardial incision to less than 2 cm. The pericardial
incision was then sutured watertight. A similar Silastic bal-
loon was placed on the outside of the pericardium, at the
level of the first balloon, in order to measure pleural surface
pressure. The thorax was then closed, and air was removed
through a chest tube by continuous suction. The electro-
cardiogram was monitored continuously during the
experiment.
For measurement of right atrial, right ventricular and
left ventricular pressures, two radiolucent catheters were
introduced through external jugular or femoral veins into
the right atrium and the right ventricle, and a radiolucent
pigtail catheter through a carotid artery into the left ventricle.
(In one dog, because of technical difficulties with the mea-
surement of right ventricular pressure, right atrial pressure
was used as an estimate of right ventricular diastolic pres-
sure.) A Swan-Ganz triple lumen balloon catheter (Edwards
Laboratories) was introduced into the upper abdominal aorta
through a femoral artery and was connected to a cardiac
output computer (model 9520, Edwards Laboratories). Aor-
tic pressure was measured through the Swan-GaOl catheter.
A catheter was placed in a jugular vein for infusion of drugs
and two catheters were placed in femoral veins for infusion
of saline solution and contrast medium. The operation lasted
about 2 hours.
Computed tomographic scanning. After the operation,
the dog was placed in the right supine position, head first
into the computed tomographic scanner (CT/T 7800 whole
body scanner, General Electric). To avoid respiratory mo-
tion during scanning and during pressure recording when
the respirator was turned off. we infused succinylcholine,
60 mg/h, (Anectine) continuously during the experiment.
We injected 10 ml of saline solution into the pericardium
through the pericardial catheter, and 0.5 ml of saline solution
into the pericardial balloon and the pleural balloon (each
balloon could hold up to 8 ml of liquid without developing
a measurable pressure). The catheters and the balloons were
connected to pressure transducers (model P23Db, Statham
Instruments) .
At the beginning of each experiment a "scout view" (a
lateral picture of the dog's chest) was constructed. For this
scan, a metal needle was placed at the outside of the dog's
chest at the level which was used as zero reference for the
pressure transducers. This allowed pressures to be corrected
accurately to the level of the mid-left ventricle. Pressures
were calibrated to 40 or 200 mm Hg full scale on a Sanborn
recorder (model 350) (left ventricular pressure was recorded
both at 200 and 40 mm Hg full scale). Left ventricular
diastole was defined as the interval between the time of
minimal diastolic pressure and the end of the A wave. The
mean pressure during this interval was defined by a line.
above and below which were equal integrals of the pressure-
time curve. During the same interval, mean diastolic pres-
sures for the other chambers and for the pericardial and
pleural cavities were determined similarly.
Volume determinations. After taking the scout view of
the tomographic scans, we infused contrast medium (Ren-
ografin-76) into a femoral vein at a rate of 7 mllmin for the
first 10 minutes. To maintain the concentration of contrast
medium in the blood. we continued the infusion at a rate
of 2 mllmin. In some dogs. the infusion rate was reduced
to 1.0 to 1.4 mllmin after induction of heart failure to avoid
an increase in blood concentrations of contrast medium.
Similar radiodensity in the left ventricular cavity was ob-
tained before and during failure with this procedure. Be-
cause of osmotic diuresis induced by the contrast medium.
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5% glucose solution was slowly infused intravenously dur-
ing the experiment at a rate that was adjusted to maintain
hematocrit constant. Each run gave us a series of 10 to 12
cross-sectional ungated computed tomographic scans from
below the cardiac apex to the aortic arch. On each scan,
we determined the area of the left ventricular cavity, the
right ventricular cavity and the pericardium (entire heart).
Because the scans were taken at I cm intervals, each cross-
sectional area was multiplied by I cm to estimate a volume
for that slice. These incremental volumes were measured
from each scan and added to give the total volume. To
determine the areas on the scans, the area of the entire heart
and the location of the tricuspid and mitral valves were
outlined using a light pen on a graphic screen. The light
pen was also used to outline the boundary between the right
ventricle and right atrium and the right ventricle and aorta.
Otherwise, the areas on the scans were determined by
computer.
For each series of scans, the radiodensities of the myo-
cardium and the blood in the left ventricular cavity were
determined. The program then automatically recorded the
area of the ventricular cavity by defining the boundary as
the loci of volume elements having a radiodensity halfway
between those of the myocardium and the blood. (An ex-
cellent correlation between volume determination by this
computerized technique and by manual planimetry has pre-
viously been demonstrated (10).) The volume of the myo-
cardium was obtained by weight, assuming a density of
1.05 g/m!. Having thus obtained the total pericardial vol-
ume, the volume of the cardiac muscle and the luminal
volumes of the right and left ventricles, we obtained the
combined volumes of the left and right atria by difference.
Previous studies (10,20) have validated the ungated car-
diac computed tomographic technique.
Induction of left ventricular failure. A detailed de-
scription of the technique used for induction of left ven-
tricular failure is given elsewhere (16,17). A JL3 (6.5 F)
coronary artery catheter (William Cook Europe ApS) was
introduced through a femoral artery and advanced into the
left main coronary artery using fluoroscopy, guided by in-
jection of a small amount of contrast medium. Polystyrene
microspheres (3 M Company) with a diameter of 50 ± 10
jLm (mean ± standard deviation) were diluted in dextran
to a concentration of I rrig microspheres per ml (approxi-
mately 12,000 microspheres per ml). The microspheres were
injected initially as a 10 ml, and later as a 5 ml bolus every
3 to 5 minutes. Microsphere injections were terminated when
left ventricular end-diastolic pressure reached 20 mm Hg.
An average of 4.8 mg microspheres/kg body weight was
injected over approximately a I hour period. To avoid ven-
tricular arrhythmias, lidocaine, 50 jLg/minper kg, was in-
fused intravenously during the entire course of the experiment.
Experimental protocol. A series of control tomo-
graphic scans from below the cardiac apex to the aortic arch
was taken. The respirator was turned off at end-inspiration
during the scanning procedure. The anesthetized, paralyzed
dogs were slightly hyperventilated to better sustain the 12
to 18 second respiratory pause required to record scans.
Three respiratory cycles were interposed after each set of
four or six scans. Pressures were recorded immediately be-
fore and after the scans at a paper speed of 100 mm/s. We
used the mean value of the pressures before and after the
scans. Duplicate cardiac output measurements were per-
formed by injection of 10 ml of ice-cooled saline solution
into the left ventricle.
After the initial recordings, hemorrhage, volume loading
and phenylephrine were used to manipulate pressure-vol-
ume relations. To obtain left ventricular diastolic pressures
close to zero, three dogs were bled by collecting up to 250
ml of arterial blood in heparinized syringes. After record-
ings, the blood was reinfused. Then volume loading was
performed by infusing saline solution or dextran (6% Gen-
tran-75) intravenously and recordings were done at different
levels of left ventricular diastolic pressure. Left ventricular
diastolic pressure was increased further by intravenous in-
fusion of phenylephrine at an average dose of 1.7 jLg/min
per kg. We made our recordings after 5 minutes of phen-
ylephrine infusion, when hemodynamic conditions had sta-
bilized. Then the phenylephrine infusion was discontinued.
When left ventricular mean diastolic pressure had decreased
to initial values, recordings of pressures, cardiac output and
computed tomographic scans (in five dogs) were repeated.
Recordings were done 10 and 45 minutes after termi-
nation of the microsphere injection. Preload and afterload
were then manipulated by nitroglycerin (seven dogs), phen-
ylephrine (two dogs) and volume loading (six dogs)_ Nitro-
glycerin was infused intravenously at an average dose of
3.3 jLg/minper kg, and after 5 minutes, when hemodynamic
conditions had stabilized, recordings were made. Record-
ings were repeated 5 minutes after discontinuation of the
nitroglycerin infusion. In the two dogs given phenylephrine,
it was administered at rates of 1.2 and 1.3 jLg/minper kg,
and after about 5 minutes when hemodynamic conditions
had stabilized, recordings were done. Next, volume loading
was produced by saline solution or dextran and recordings
were done at different levels of left ventricular diastolic
pressure. Administration of nitroglycerin was repeated dur-
ing volume loading.
The dogs were killed by intravenous injection of a sat-
urated solution of potassium chloride. The hearts were ex-
cised and weighed to determine myocardial volume. Biopsy
specimens were taken from the free walls of both ventricles
and microsphere distribution was examined by light mi-
croscopy. In four dogs, the left ventricular free wall plus
septum and the right ventricular free wall were weighed
separately and then dried in an oven to measure myocardial
water content.
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Table 1. Hemodynamic Effects of Left Coronary Embolization
With Microspheres
*p < 0.05: tp < 0.01. AY = the combined atrial volume; CO =
cardiac output: HR = heart rate: LYDP = left ventricular mean diastolic
pressure; LYEDP = left ventricular end-diastolic pressure; LYSP = left
ventricular systolic pressure; LYY = left ventricular volume; MAP =
mean aortic blood pressure: PLP = pleural mean pressure during left
ventricular diastole; PPb = pericardial mean diastolic pressure measured
by balloon; PP, = pericardial mean diastolic pressure measured by open
catheter: PY = perieardial volume: RADP = right atrial mean diastolic
pressure: RYDP = right ventricular mean diastolic pressure: RYY = right
ventricular volume.
Calculations. For calculation of ventricular transmural
pressure, we used ventricular pressure to represent the dis-
tending force on the ventricular wall and used pericardial
surface pressure (measured with balloon catheter) to esti-
mate the oppositely directed mechanical force exerted by
the pericardium (19). In a similar manner, we used peri-
cardial liquid 'pressure (measured with multiple side-hole
catheter) to represent the distending force on the pericardium
and the pleural surface pressure (measured with balloon
catheter in the pleural space) to estimate the mechanical
force exerted by the lungs opposing pericardial dilation.
Right ventricular transmural pressure was calculated as
ventricular pressure minus pericardial pressure (measured
by balloon). The left ventricular transmural pressure was
calculated as ventricular pressure minus 2/3 of the pericar-
dial pressure (measured by balloon) and 1/3 of right ven-
tricular pressure, according to Mirsky and Rankin (2 I). The
pericardial transmural pressure was calculated as pericardial
pressure (measured by catheter) minus pleural pressure. The
right and left ventricular pressure-volume relations were
described by linear regression equations using a least squares
method.
Statistical analysis. All data were compared statistically
using Student's t test for paired samples (two-tailed) (22).
Differences were interpreted as being statistically significant
when probability (p) < 0.05. Values are given as mean ±
I standard error of the mean.
LYSP (mm Hg)
LYDP (mm Hg)
LYEDP (mm Hg)
RYDP (mm Hg)
RADP (mm Hg)
MAP (mm Hg)
PP" (mm Hg)
PP,. (mm Hg)
PLP (mm Hg)
HR (beats/min)
CO (liters/min)
LYY(ml)
RVY(ml)
AY (ml)
PY (ml)
Control
140 ± 4
6.6 ± 1.2
IU ± 2.2
4.3 ± 1.0
3.0 ± 1.0
133 ± 4
0.3 ± 1.4
-0.2 ± 0.9
-2.3 ± 0.6
124 ± 9
3.9 ± 0.6
72 ± 6
69 ± 5
72 ± 7
374 ± 23
Failure
93 ± 4t
14.4 ± 2.3t
21.9 ± 2.5*
7.4 ± 1.4*
5.4 ± 1.5*
90 ± 4t
3.2 ± 1.6*
1.9 ± 1.6*
- 2.0 ± 0.8
129 ± 12
2.0 ± 0.2t
85 ± 5t
69 ± 10
96 ± II
411 ± 26*
Results
Hemodynamic effects of coronary embolization.
Embolization of the left main coronary artery with 50 /Lm
plastic microspheres induced severe depression of left ven-
tricular performance (Table I). Left ventricular end-diastolic
pressure increased from a control value of 11.3 ± 2.2 to
21.9 ± 2.5 mm Hg and left ventricular mean diastolic
pressure increased from 6.6 ± 1.2 to 14.4 ± 2.3 mm Hg.
Mean aortic blood pressure and cardiac output decreased
from 133 ± 4 to 90 ± 4 mm Hg and from 3.9 ± 0.6 to
2.0 ± 0.2 liters/min, respectively. Left ventricular function
curves were substantially depressed and flattened (Fig. 1).
Left ventricular volume increased from 72 ± 6 to 85 ± 5
m!. Right ventricular mean diastolic pressure increased
moderately, but right ventricular volume showed no con-
sistent change.
PericardiaI mean diastolic pressure, measured by bal-
loon and catheter, increased from 0.3 ± 1.4 to 3.2 ± 1.6
mm Hg and from -0.2 ± 0.9 to 1.9 ± 1.6 mm Hg,
respectively. Pericardial volume increased from 374 ± 23
to 4 I I ± 26 m!. The combined atrial volume increased in
each experiment, but this change did not reach statistical
significance.
Pericardial diastolic pressure-volume relations. Peri-
cardial diastolic transmural pressure-volume curves from
two single experiments are shown in Figure 2. Note the
steepness of the curves at high pericardial volumes when a
small increase in volume produced a large increase in pres-
sure. After induction of left ventricular failure, the curves
tended to shift to the right, indicating a greater pericardial
volume for any given pericardial transmural pressure. The
curve shift was observed in all dogs and represented an
Figure 1. Left ventricular function graphs from a representative
experiment (Dog 5), obtained before (circles) and after (triangles)
coronary microsphere embolization. Arrows indicate effect of ni-
troglycerin (diamonds). LV = left ventricle.
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increase in pericardial volume of 42 ± 8 ml (a relative
increase of II ± 2%) at a pericardial pressure of 6 mm Hg
(p < 0.01). The curve shift could be due to pericardial
dilation caused by the volume loading procedures or by left
ventricular dilation during failure, or both.
Figure 3. Left ventricular (LV) diastolic pressure-volume rela-
tions in a single experiment (Dog 5). Open symbols represent
absolute left ventricular pressure; closed symbols, transmural left
ventricular pressure. Circles (before and during increasing volume
loading) and the square (phenylephrine) represent recordings be-
fore failure. Triangles (before and during increasing volume load-
ing) and diamonds (nitroglycerin) represent recordings during fail-
ure. Arrows indicate effect of nitroglycerin. Note that the transmural
left ventricular pressure-volume points fall along a single curve;
that is, the marked scatter of the left ventricular absolute pressure-
volume points was mainly due to changes in pericardial pressure.
The rightward shift of the left ventricular absolute pressure-volume
points after the induction of failure may in part be due to the
rightward shift in the pericardial pressure-volume relation.
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Figure 2. Pericardial diastolic transmural pressure-volume rela-
tions in Dogs 3 (left panel) and 6 (right panel). Closed circles
indicate points recorded before the induction of left ventricular
failure; closed triangles were recorded after. The curves are shifted
to the right during left ventricular failure. In the experiment shown
in the left panel, there was only a small rightward shift. In the
other dogs, however, there was a marked shift; a representative
experiment is shown in the right panel. The last point recorded
before the induction of failure, that is when pericardial pressure
had decreased (open circle), was shifted close to the failure curve.
This indicates that the pressure-volume relation was shifted to the
right because of the initial volume loading and not because of
failure.
To test whether volume loading by itselfaltered the pres-
sure-volume relations ofthe pericardium, a set of pericardiaI
pressure-volume coordinates were determined in five dogs
after volume loading at a time when pressures had ap-
proached the preloading levels. This point (open circles in
Fig. 2) demonstrates that the pericardial pressure-volume
relation changed during the initial volume loading, because
the point fell along the curve defined later, after the induc-
tion of failure.
Left ventricular diastolic pressure-volume rela-
tions. Left ventricular absolute and transmural pressure-
volume relations for each experiment are shown in Figures
3 and 4. The points of absolute pressure versus volume were
rather scattered, but appeared to be shifted to the right after
induction of failure; that is, left ventricular volumes tended
to increase with no change in left ventricular diastolic pres-
sures. When left ventricular transmural pressure versus vol-
ume was plotted, thereby correcting for the influence of
pressure external to the left ventricle, the points were sig-
JACC Vol. 3. NO.4
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Figure 4. Left ventricular diastolic pressure-volume relations. The
left panels represent absolute pressure and the right panels rep-
resent transmural pressure. Open circles indicate points recorded
before induction of failure; closed circles were recorded after.
Note that the left ventricular absolute pressure-volume points arc
widely scattered, while the transmural pressure-volume points arc
considerably less scattered (Dog 3 was an exception-sec text).
nificantly less scattered (p < 0.01) (Table 2). the left ven-
tricular transmural pressure-volume relation showed no sig-
nificant change after the induction of failure (Fig. 3 and
Tables 3 and 4). Dog 3 was an exception, as transmural
pressure-volume points recorded more than I hour after
embolization were shifted upward (Fig. 4).
Dog Sf' SI"I'M
8.0 6.\
2 5.9 1.7
3 lOA 4.6
4 2.8 2.5
5 3.7 IA
6 4.6 2.0
7 6.5 2.2
8 8.8 0.9
Mean 6.3 p < 0.01 2.7
± SEM 0.9 0.6
Sp denotes the value using absolute left ventricular pressure: SI'TM the
value using transmural pressure.
Effect of volume loading on left and right ventricular
volumes. Volume loading performed before left ventricular
failure increased both right and left ventricular volumes
substantially (Table 5 and Fig. 5, left panel); during failure,
however. when volume loading was repeated and a similar
increase in right ventricular volume was obtained. on the
average there was a slight decrease in left ventricular volume
(Fig. 5. right panel). This was accompanied by an increase
in left ventricular absolute diastolic pressure from 14.7 ±
2.1 to 31.3 ± 3.9 mm Hg (p < 0.05). while left ventricular
transmural diastolic pressure was not significantly changed
(Table 5).
This reduction in left ventricular volume during failure
and volume loading was associated with a configurational
change of the cross section of the left ventricular cavity. At
the mid-left ventricular level. the septum to free wall and
the anteroposterior diameters were measured manually on
the tomographic scans. During failure. the septum to free
left ventricular wall diameter decreased from 38.0 ± 2.3
to 33.2 ± 2.5 mm (p < 0.05) after volume loading. while
the anteroposterior diameter was unchanged (Table 5). In
one dog (Dog 2) this configurational change was pronounced
and the interventricular septum bulged into the left ventric-
ular cavity, thus decreasing left ventricular volume mark-
edly (Fig. 6).
We examined whether this leftward displacement of the
interventricular septum during failure was associated with
a decrease in the transseptal pressure gradient. In the dog
with the pronounced septal displacement (Fig. 6). right ven-
tricular and left ventricular diastolic pressures became iden-
tical after volume loading. In the other experiments, there
was no consistent change in the transseptal pressure gradient
during diastole. The average systolic transseptal pressure
gradient during ejection. however. decreased from 68 ± 5
to 27 ± 4 mm Hg (p < 0.0 I) after volume loading. In
contrast. before induction of failure. the systolic transseptal
Table 2. Standard Deviations (mm Hg) of the Linear
Regression of Left Ventricular Diastolic Pressure Versus
Volume for the Combined Data Before and During Failure
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table 3. Slope Constants (mm Hg/ml) of the Linear Regression of Left and Right Ventricular Diastolic Transmural Pressure Versus
Volume Before and During Failure
Left Ventricle Right Ventricle
Dog Control Failure Control Failure
I 0.46 0.54 0.12 0.18
2 0.25 0.22 0.10 0.20
3 0.26 0.02 0.04 0.12
4 0.30 0.08 *
5 0.32 0.43 0.05 0.17
6 0.07 0.25 0.12 -0.01
7 0.98 0.70 0.13 -0.10
8 0.27 -0.09 0.09 0.10
Mean 0.37 NS 0.30 0.09 NS 0.09
(n == 7)
± SEM 0.11 0.11 0.01 0.04
*Slope constants were not calculated because too few pressure-volume points were recorded. NS == not statistically significant respective to control.
Table 4. Volume Intercept (ml) of the Linear Regression of
Left and Right Ventricular Diastolic Transmural Pressure Versus
Volume Before and During Failure
Dog Control Failure Control Failure
I -33 -45 -4 - 8
2 -14 -13 -5 -16
3 - 9 8 -I - 5
4 -21 * -5 *
5 -20 -27 -3 - 8
6 0 -II -5 2
7 -45 -32 -4 7
8 -14 15 -4 - 5
Mean -19.3 NS -15.0 -3.7 NS - 4.7
(n == 7)
± SEM 5.7 8.1 0.5 2.8
*Volume intercepts not calculated because too few points were re-
corded. NS == not statistically significant respective to control.
pressure gradient was not significantly affected by volume
loading (109 ± 8 and 102 ± 6 mm Hg, respectively).
Before failure, volume loading did not significantly affect
left ventricular systolic pressure; however, during failure
left ventricular systolic pressure decreased from 97 ± 5 to
66 ± 7 mm Hg (p < 0.05) after volume loading. Before
failure, volume loading increased cardiac output from 4.3
± 0.8 to 5.3 ± 0.9 liter/min (p < 0.05); during failure,
volume loading caused a nonsignificant decrease in cardiac
output.
Right ventricular diastolic pressure-volume rela-
tions. Right ventricular absolute and transmural pressure-
volume relations from two single experiments are shown in
Figure 7. In five dogs, the right ventricular absolute pres-
sure-volume relation shifted upward after induction of left
Left Ventricle Right Ventricle
ventricular failure. In one additional dog in which right
ventricular volumes during failure exceeded the control range,
an upward-shift was apparent. As in the left ventricle, the
right ventricular transmural pressure-volume relation was
not significantly changed after the induction of failure (Ta-
bles 3 and 4); the points fell along single curves, indicating
that the upward shift of the absolute pressure-volume re-
lation was entirely due to increased pericardial pressure.
In one dog, however, the right ventricular absolute pres-
sure-volume relation shifted to the right after induction of
failure (Fig. 8). This was the dog with the markedly dis-
placed interventricular septum during failure (Fig. 6.)
Effect of nitroglycerin. Administration of nitroglycerin
during failure decreased pericardial pressure and decreased
right and left ventricular absolute diastolic pressures (Fig.
3,7 and 8). Nitroglycerin, however, had no significant effect
on left and right ventricular transmural pressure-volume
relations.
Microsphere distribution. Light microscopy showed
numerous microspheres throughout all layers of the left ven-
tricular wall. The microspheres were located in small ar-
teries or arterioles and usually appeared alone, but fre-
quently a few microspheres were seen lumped together.
Sections from the right ventricle infrequently revealed a few
scattered microspheres.
Discussion
We have examined the effect of acute ischemic left ven-
tricular failure on ventricular diastolic pressure-volume re-
lations in dogs with a closed pericardium. Left ventricular
failure was produced by repeated injections of 50 JLm plastic
microspheres into the left main coronary artery (16,17). The
dogs developed stable left ventricular failure characterized
by an increase in left ventricular end-diastolic pressure from
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Table 5. Effect of Volume Loading Before and During Left Ventricular Failure
LVDP (mm Hg)
LVDPTM (mm Hg)
RVDP (mm Hg)
RVDPTM (mm Hg)
LVSP (mm Hg)
RVSP (mm Hg)
LVDP-RVDP (mm Hg)
LVSp·RVSP (mm Hg)
PP (mm Hg)
Cardiac output (liters/min)
LVV (ml)
RVV(m\)
Septum to free LV
wall diameter (mm)
Anteroposterior
LV diameter (mm)
Before Failure Failure
Baseline Volume Loading Baseline Volume Loading
4.8 ± 1.0 18.0 ± 1.0+ 14.7 ± 2.1 31.3 ± 3.9*
4.5 ± 0.9 0.5 ± 0.0 9.5 ± 1.2 11.1 ± 2.0
1.2 ± 0.7 1J.3 ± I.H 6.0 ± 1.8 23.5 ± 3.1:~
1.4 ± 0.3 2.7 ± 0.5 2.1 ::':: 0.4 4.8 ± 1.3
1J4 ± 8 139 ± 0 97 ::':: 5 00 ± Y
25 ± I .\7 ± 3* 29 ::':: 3 39 ± 4*
H ± 0.8 4.7 ± 0.5 8.1 ::':: 1.2 7.8 ± 2.6
109 ± 8 102 ± 6 68 ± 5 27 ± 4t
~0.3 ± 0.9 10.7 ± 1.3~: 4.5 ± 1.0 18.7 ± 3.4·c
4.3 ± 0.8 5.3 ± 0.9* 1.8 ± 0.4 1.0 ± 0.4
63 ± 5 72 ± 5* 80 ::':: 0 75 ± 6
57 ± 4 76 ± 4* 60 ::':: 9 83 ± IP
34 ± 2 36 ± 7~ 38 ::':: 2 33 ± 3*-'
60 ± 2 0.\ ± 2* 65 ::':: 2 66 ± 2
*p < 0.05. tp < 0.01. +p < 0.00\ compared with respective baseline in six dogs: LVDP = left ventricular mean diastolic pressure: LVDPTM =
left ventricular mean diastolic transmural pressure: LV = left ventricular: LVSP = left ventricular systolic pressure: LVV = left ventricular volume:
PP = pericardial pressure measured by balloon: RVDP = right ventricular mean diastolic pressure: RVDPTM = right ventricular mean diastolic transmural
pressure: RVSP = right ventricular systolic pressure: RVV = right ventricular volume.
11.3 ± 2.2 to 21.9 ± 2.5 mm Hg, a 50% reduction in
cardiac output and a marked downward displacement of the
left ventricular function curve. After induction of failure,
pericardial volume (total heart volume), atrial volume and
left ventricular volume increased and right ventricular vol-
ume was unchanged.
Left ventricular diastolic pressure-volume rela-
tions. Comparison with previous studies. Previous exper-
imental studies of left ventricular distensibility during acute
myocardial ischemia have utilized animal models in which
the pericardium has been widely open. In such models,
regional myocardial ischemia is associated with a shift of
the diastolic pressure-dimension curve to the right (13,23-25)
However, the slope of the curve is steeper during ischemia,
indicating increased myocardial stiffness (25,26). This
rightward shift might represent myocardial creep caused by
stretching of the ischemic region by the systolic pressure
developed in the normal myocardium (13,26). In the present
A B
150 RV LV RV LV
! Figure 5. Effect of volume loading by intravenousinfusion of saline solution on right ventricular (RV)100 ~ and left ventricular (LV) volumes before and duringE ~ failure in six dogs. Panel A shows for each dog.w ~ ~ the maximal increase in right ventricular volume:E obtained before failure; panel B shows a similar::> increase in right ventricular volume obtained duringoJ ~ • •0 failure. Corresponding left ventricular volumes are> ~ also shown. Note that during failure. volume load-50 ing tended to decrease left ventricular volume.
o I
CONTROL VOLUME CONTROL VOLUME
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Figure 6. Dog 2. Cross-sectional images
of the heart by computed tomography.
Scans at three different levels (5, 6 and
7) were taken before failure (control), after
induction offailure (failure) and after vol-
ume loading during failure (volume load).
Left ventricular (LV) size increased after
induction of failure. During volume load-
ing, right ventricular (RV) size increased,
but left ventricular size decreased. Note
that this was associated with a leftward
shift of the interventricular septum.
SCAN
LEVEL
5
6
7
CONTROL FAILURE VOLUME LOAD
study in which we produced patchy, global ischemia, there
were no gross, well defined areas of systolic bulging, al-
though it is conceivable that the force-length relation of
individual, ischemic fibers or bundles of fibers were shifted
to the right as ischemic fibers were stretched by normal
muscle. Our results tend to agree with those of Palacios et
al. (12), who produced uniform, global, myocardial is-
chemia in dogs with an open pericardium. They showed
that the pressure-circumference relation was not shifted after
induction of ischemia. Recently Lorell et al. (27) showed
that global ischemia produced a progressive leftward shift
in the left ventricular pressure-volume relation. This shift
reached statistical significance only after 60 minutes and
may have been due to edema.
Serizawa et al. (11) induced left ventricular ischemia in
dogs with an open pericardium by a combination of coronary
stenosis and tachycardia. Although coronary stenosis alone
tended to shift the pressure-volume relation to the right,
doubling the rate of the ischemic heart shifted the curve
upward remarkably for several beats after the initial pacing
rate was resumed. However, the effects of tachycardia su-
perimposed on myocardial ischemia caused by coronary
stenosis may represent a mechanism that is fundamentally
different from that of a primary reduction in flow; ischemia
Figure 7. Right ventricular (RV) diastolic pressure-volume
relations in Dog 6 (left panel) and 7 (right panel). Data points
before failure (circles), under the effects of phenylephrine ad-
ministered before failure (squares), during failure (triangles)
and nitroglycerin administered during failure (diamonds) are
designated. Open symbols represent absolute pressure and closed
symbols represent transmural pressure. Note that the absolute
pressure-volume curve was shifted upward during failure. The
transmural pressure-volume points, however, fell along a single
curve, indicating that the shifts in the absolute pressure-volume
curve were caused by changes in pericardial pressure.
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Figure 8. Dog 2. Right ventricular (RY) diastolic pressure-vol-
ume relations before (circles) and after (triangles) induction of
left ventricular failure. Open symbols represent absolute pressure
and closed symbols represent transmural pressure. The absolute
pressure-volume curve was shifted downward during failure. The
expansion of right ventricular volume during left ventricular failure
and after volume loading was accompanied by a marked leftward
shift of the interventricular septum (see Fig. 6). Phenylephrine.
administered before (1) and during (2) failure increased pericardial
pressure and thus shifted the absolute pressure-volume relation
upward. Nitroglycerin (diamonds) decreased pericardia! pressure
and shifted the absolute pressure-volume relation slightly downward.
aggravated by pacing-induced tachycardia seems to shift the
pressure-volume relation by a calcium-dependent mecha-
nism (28,29).
Experiment 3: role of myocardial edema. In our study,
the results of ischemic failure and volume loading on the
left ventricular transmural pressure-volume relation are not
entirely consistent. At the end of the third experiment (Fig.
4), transmural left ventricular pressure increased progres-
sively while the left ventricle remained relatively small. the
final points being recorded more than I hour after termi-
nation of the embolization. In this experiment. the micro-
spheres were injected over a period of 100 minutes, com-
pared with about 60 minutes in the other dogs. In this dog
with more long-standing ischemia, we suspect that the up-
ward-shift of the left ventricular transmural pressure-volume
points may have been caused by myocardial edema. In the
other dogs, there was no suggestion of a shift in the trans-
mural pressure-volume relation after the induction of is-
chemia. In the last four experiments. measurement of both
wet and dry weight of each ventricle revealed normal water
content (77 ± 0.6% for the left ventricle compared with
78 ± 0.8 c!"o for the right ventricle), indicating that in these
dogs the results were not modified by myocardial edema.
Possible role ofleftward displacement o,fseptum. During
failure, left ventricular volume tended to decrease after vol-
ume loading, in spite of a large increase in left ventricular
diastolic pressure. Because of the marked left ventricular
dilation and the marked elevation of left ventricular diastolic
pressure due to ischemia itself, it was not reasonable to
expect a further increase in left ventricular size after volume
loading (30). Left ventricular volume tended to decrease
most likely because of leftward displacement of the inter-
ventricular septum; in the failing left ventricle the septum
to free wall diameter decreased during volume loading while
anteroposterior diameter was unchanged, indicating a change
in the shape of the ventricle. The mechanism of this effect
is unknown. A leftward displacement of the septum has
been shown to be caused by a reversal of the normal trans-
septal diastolic pressure gradient (31,32). In our dogs, we
failed to find a reversal. In one dog, however, in which the
septum grossly bulged into the left ventricle during volume
loading (Fig. 6). right and left ventricular diastolic pressures
were identical. The position of the septum in the failing
heart may also have been affected by the marked decrease
in the systolic transseptal pressure gradient after volume
loading. Bulging of the septum into the left ventricle, as
observed in one of our dogs, has been termed a "reversed
Bernheim effect" (33). It is possible that such a septal shift
is extremely rare and related to the fact that this heart was
in irreversible, profound failure as a result of ischemia and
vigorous volume loading. Alternatively, one might specu-
late that this leftward septal shift could be a relatively fre-
quent, significant concomitant of profound failure that reg-
ularly goes unnoticed in the course of clinical management.
Role ()fpericardial pressure-volume changes. The micro-
sphere embolization that produced left ventricular failure
only raised pericardial pressure from 0.3 ± 1.4 to 3.2 ±
1.6 mm Hg. Therefore, the increase in left ventricular mean
diastolic pressure that we observed (from 6.6 ± 1.2 to 14.4
± 2.3 mm Hg) was due mainly to an increase in left ven-
tricular transmural pressure. The left ventricle dilated (from
72 ± 6 to 85 ± 5 m\) as did the atria (from 72 ± 7 to 96
± II ml) but right ventricular volume was unchanged. This
net increase in cardiac and pericardial volume produced only
a moderate increase in pericardial pressure. owing to the
slope of the pericardial pressure-volume relation. Thus in
the circumstances of our experiment, the ischemic failure
as such did not produce sufficient right ventricular and atrial
(34) dilation to increase pericardial pressure and, by this
mechanism, shift the left ventricular pressure-volume re-
lation upward (7). Only after volume loading that augmented
the cardiac volume sufficiently to stretch the pericardium
did changes in afterload or preload change the left ventric-
ular pressure-volume relation by changing pericardial pressure.
Clinical studies (5,6) have shown that vasodilator agents
can shift the left ventricular diastolic pressure-volume curve
downward. Various mechanisms have been proposed to ex-
plain these shifts (7,35). Our experimental study strongly
suggests that neither failure nor any of our volume manip-
ulations (including administration of nitroglycerin) impor-
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tantly affected the left ventricular transmural pressure-vol-
ume relation.
Right ventricular diastolic pressure-volume relations.
Although most previous in vivo studies of pressure-volume
relations have been confined to the left ventricle, use of
computed tomography enabled us to study the right ventricle
also. In five dogs, we found an upward shift of the right
ventricular diastolic pressure-volume relation after induction
of left ventricular fai lure. However, the transmural diastolic
pressure-volume relation was not shifted, indicating that the
upward shift was a reflection of increased pericardial pres-
sure. The increase of pericardial pressure at a given right
ventricular volume is probably due to the fact that pericardial
volume is increased because of the increases in left ven-
tricular and atrial volumes. These findings fit with our earlier
hypothesis (7), which stated that volume changes in one
ventricle or the atria will change pericardial pressure and
thus shift the pressure-volume curve of the other ventricle.
Pericardial diastolic pressure-volume relations. The
present study showed a moderate rightward (downward)
shift in the pericardial transmural pressure-volume relation
during the course of the experiment. This shift, however,
occurred before ventricular failure and after the initial vol-
ume loading and was, therefore, unrelated to ischemic fail-
ure as such. This rightward shift (creep or stress relaxation)
compares in magnitude with other reported estimates (36,37).
Morgan et al. (36) demonstrated in dogs of about the same
size as in the present study that at the same pericardial
pressure, the pericardium contained approximately 40 ml
more when they removed fluid than when they infused it.
(In that study, it was possible that the size of the heart
varied.) Recent studies of in vitro pericardial strips (37)
have shown pericardial creep up to 2% length in I hour.
This would be equivalent to a volume change of 6%, which
is comparable with our results. Because the duration of the
pericardial stress was not weIl controIled in our experiments,
further comparison is difficult.
Comments on methods. In this study, we used ungated
computed tomographic images for all volume determina-
tions. Gated images were not used because hemodynamic
stability cannot be maintained for the several minutes re-
quired to measure the whole heart in this way. Using the
gated technique on single sections, however, we showed
that mean diastolic areas represent approximately 85% of
the gated end-diastolic areas (20). A significant advantage
of computed tomography was that it allowed us to measure
simultaneously right ventricular, atrial and pericardial vol-
umes in addition to left ventricular volume. All these mea-
surements were necessary to evaluate the role of the
pericardium.
The use of contrast enhancement for determination of
cardiac volumes raises the question of whether the contrast
medium may have affected cardiac function and the stability
of our preparation. However, there were no signs of cardiac
depression before coronary embolization, and we showed
previously that the hemodynamic stability ofthis preparation
is maintained while infusing contrast medium at a similar
rate for several hours (10). By adjustment of the contrast
infusion rate according to the radiodensity in the left ven-
tricular cavity, similar blood concentrations of contrast me-
dium were obtained during control and failure conditions.
Conclusion. The assumption that changes of ventricular
diastolic pressure reflect changes in ventricular volume may
not be valid during ischemic left ventricular failure, because
of shifts in the pressure-volume relation. Shifts in ventricular
pressure-volume relations after volume loading and admin-
istration of phenylephrine and nitroglycerin were caused by
changes in pericardial pressure.
We thank Lauranne Cox. who operated the computed tomographic scanner.
and Naomi Anderson. PhD, Eivind Myhre. MD. Hroar Piene. MD. PhD.
and Eldon Smith. MD. who reviewed the manuscript.
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